Introduction
In recent years, with the retirement of the Tevatron proton-antiproton collider [1] [2] and the conclusion of the collider physics program, the main focus at Fermi National Accelerator Laboratory (FNAL, Fermilab) has shifted from energy frontier research to intensity frontier research. The goal is still to uncover new physics, but the method differs. As an alternative to searching for new particles at increasingly high energies, the approach is through precise measurements of certain particle interactions; this requires large data samples. Many such examples are seen in neutrino physics, as well as in other areas of study such as rare decays and rare processes in muons, but all require more protons on target. Thus, the goal is and will continue to be increasing proton beam intensity.
The FNAL Accelerator Complex, with its multitude of experiments, is shown in Fig. 1 . Several plans are in progress for increasing proton power by upgrades to the Booster [3] [4] and Linac [5] . Here, we concern ourselves with an upgrade and repurposing of the existing Recycler Ring (RR), which was until recently used for antiproton storage for the collider program. This will ultimately increase proton output at 120 GeV from the Main Injector (MI) and protons on target for the newly constructed neutrino experiment NOνA [6] . NOνA will study the neutrino oscillation ν µ → ν e with near and far detectors off-axis from the existing MINOS [7] beamline.
Until May 2012, the process for 120 GeV proton production included injection and capture of Booster batches, slip stacking, and acceleration -all performed in the MI.
(The Booster has harmonic number h = 84. A batch consists of 81 bunches which have been accelerated to 8 GeV in the Booster.) Now, injection/slip stacking will be performed in the RR and acceleration in the MI so that the two processes can proceed in parallel. In this case, the 120 GeV proton production rate is limited by only the MI ramp time (since the ramp time is longer than the time to capture and slip stack). Also, the MI ramp rate will be increased by 15%. This results in an average MI beam power increase from ≈400 kW to ≈700 kW [8] .
To perform slip stacking in the RR, two new 53 MHz RF cavities and associated RF systems were designed and constructed (a third, spare system is also nearing completion). Since the cavities need not both capture beam and accelerate, they were designed expressly for the former purpose. This allowed for the minimization of R/Q and thus transient beam loading effects [9] , while taking into account practical constraints, such as being able to fit in the tunnel given the RR beampipe position with respect to the tunnel ceiling.
In addition to repurposing the RR itself, many components from the Tevatron RF systems were re-used for the new RF systems. This was possible since the Tevatron RF system operated at a similar frequency and at similar power levels. Reclaimed apparatuses include modulators, power amplifiers (with tetrodes), solid state amplifiers for driving the power amplifiers, coaxial waveguide and associated components, and various electronic control modules. The obvious advantage is savings in cost, labor and waste.
As is the case in most RF systems, one of the more challenging aspects of the system design is in the cavity tuner. A large fraction of conventional (non superconducting) RF cavities in operation require a large tuning range and make use of parallelbiased ferrite. In the case of the cavities discussed here, the required tuning range is just 10 kHz, which allows use of the less lossy perpendicularly biased garnet.
Slip Stacking
The Booster magnets cycle at a rate of 15 Hz. The magnet system is resonant so the ramp is sinusoidal and the ramp time is not adjustable. Due to limitations imposed by the current system for RF cavity cooling, not all cycles accelerate beam and the resulting average rate with beam is 7.5 Hz.
In the simplest of schemes, 120 GeV proton production could proceed by simply injecting six batches from the Booster into the MI and then ramping the MI (i.e.
accelerating from 8 to 120 GeV). The nominal MI RF system injection frequency is 52.809 MHz with 588 RF buckets (harmonic number h=588), so its circumference can technically accommodate seven Booster (h=84) batches, but an abort gap must exist.
Assuming that the first of the six Booster batches is ready on demand, injection takes 5 batches × (1/15 Hz) = 1/3 sec. After the injection, the beam is accelerated. The MI cycle time excluding injection is 1.533 sec. Adding the additional 1/3 sec for injection, six Booster batches are accelerated to 120 GeV in 1.87 sec.
A more efficient scheme, which has been the norm for operations since 2008, makes use of a process called slip stacking [10] , which was initially demonstrated at CERN [11] . For acceleration, the MI normally uses 18 cavities operating at V peak ≈ 230 kV. For slip stacking, the cavities are run at a lower voltage, and are divided into RF Systems A and B, each of which comprises nine cavities. Five Booster batches are injected into the MI at its nominal frequency f 0 , captured by RF System A operating at f 0 , and then decelerated slightly by changing the frequency of RF System A by 1260 Hz. While the first five batches that have been captured continue to circulate, five more batches are injected and captured by RF system B, operating at f 0 . Since the initial five batches have been captured by an RF system which is now operating at a lower frequency, they slip in phase with respect to the second five batches. When the first and second set of batches have slipped with respect to one another so that they overlap in their azimuthal positions, both RF systems revert to operation at f 0 . An 11th batch is injected, voltage is increased to 1 MV for capture, and the beam is finally accelerated. The accelerated beam consists of five batches having been stacked on top of five batches (plus one extra), thus the term slip stacking. In this case, 11 batches of beam are accelerated to 120 GeV in 2.2 sec (0.667 sec for injection/stacking and 1.533 sec for the actual dipole magnet ramp), so the beam power is ≈50% higher than in the case described previously. Note that the initial frequency difference of 1260 Hz is set by the fact that that one batch (84 proton bunches) must slip by 84 RF buckets during one booster cycle of 66.7 ms (1/15 Hz), so 84 cycles/66.7 ms = 1260 Hz.
To achieve even higher beam powers, this concept was extended further by repurposing the existing RR, which, until the conclusion of the collider program, had been used for antiproton storage. By using the RR as a preinjector and performing slip stacking there while using the MI for acceleration only, the two processes can proceed in parallel and the rate is only limited by the MI cycle time. As mentioned earlier, the MI will also be upgraded to decrease its cycle time from 1.533 to 1.33 sec. In addition, 12 instead of 11 batches will be slip stacked in the RR; this is allowed for by the installation of a fast injection kicker. The result is 12 Booster batches of 120 GeV protons produced in 1.33 sec, compared to 11 batches in 2.2 sec with slip stacking and acceleration in the MI.
Cavity Design
Slip stacking in the RR uses two cavities operating at the MI injection frequency of 52.809 MHz and V peak ≈ 100 kV. Including a safety factor, the cavities were designed for V peak = 150 kV. The cavities must be tunable by 1260 Hz for slip stacking manipulations. Given other design parameters which are discussed next, the actual required tuning range is 10 kHz, to compensate for frequency drift due to heating and the variation of cooling water temperature. (The cavity detuning was measured to be ≈ 0.5 kHz/
• F.) The maximum pulse length is 0.8 sec, given by the time required to stack 12 Booster batches. The maximum duty factor is 0.6, assuming that the cavities are on for a total of 0.8 sec for each MI ramp of 1.33 sec and that the MI ramps continuously.
The cavities are quarter wave resonators with coaxial center and outer conductors of fixed diameter. The design is shown in Fig. 2 .
Cavity parameters are summarized in Table 1 . In the interest of minimizing transient beam loading, the cavity geometry was chosen to minimize R/Q within the con- The R/Q of 13 Ω is substantially smaller than that of the MI cavities (103 Ω) due mainly to the small ratio of diameters of the outer and center conductors.
For calculations, the cavity can be modeled as a shorted transmission line whose inductance and gap capacitance form a resonant circuit, as discussed in [12] . The initial design and calculations were checked by constructing a model of the cavity from copper sheet metal [13] . Though such a cavity is not useful for any high power tests, it established a lower limit on the cavity Q and was useful for the study of higher order modes and development of the cavity tuner. Table 1 : Cavity Design Parameters
Cavity Accessories
The cavity design includes ports of various sizes for the input coupler, field probes, fixed tuning slugs, and a cavity shorting system. The coupler is a loop type with a voltage step-up ratio of six. Field probes are disk-shaped and capacitively coupled, with a nominal voltage ratio of 10 5 :1. Fixed copper tuning slugs are inserted into the cavity ports for the final adjustment of the cavity nominal frequency. To render a cavity inactive (for instance, in the case where the spare is being used), each cavity is equipped with a copper shorting slug remotely controlled by a stepper motor.
For the frequency adjustment needed for slip stacking, and to account for detuning due to temperature change, the cavity is equipped with a tuner. This is a halfwavelength 50 Ω transmission line, which is partially loaded with a 5 long cylinder of Al doped Yttrium Iron Garnet (YIG) -TCI Ceramics Type AL-400 and shorted at one end. The garnet section is immersed in a variable solenoidal magnetic field. The tuner is loop coupled to the cavity and the loop area is adjusted to give a nominal coupling impedance of 50 Ω. It is discussed in detail in Section 6.
RF Power
The Fermilab Tevatron has been decommissioned and thus many of the components of the Tevatron RF Stations could be reused; this includes the power amplifiers, anode modulators, solid state tetrode drivers, 9 3 16 coaxial transmission line, and impedance matching anode resonators. The Tevatron RF systems used essentially the same power amplifiers as does the MI, and these are described in [14] . Power is provided by a grounded grid, cathode driven Eimac Y567B (4CW150000E) 150kW power tetrode. The cathode is driven by solid state 5 kW amplifiers. The tetrode is coupled with a monolithic ceramic blocking capacitor to a cylindrical aluminum quarter wave resonator (the anode resonator) which is used to match the power amplifier output impedance into a 9 3 16 , 50 Ω transmission line. The tap point is at one half the peak voltage. The transmission line includes a variable length phase shifter and a 3:1 coaxial transformer with 1 1 2 wavelengths between the transformer voltage maximum and the cavity input. Taking into account the cavity input coupler step-up ratio of 6, the 3:1 transformer, and the half voltage tap point on the anode resonator, the total step up ratio from the anode to the cavity gap is nine.
Cavity Construction
The main body of the cavity consists of four pieces: the center conductor, the outer conductor, the annular region connecting the center to the outer, and the gap endplate (refer to Fig. 2 ).
The cavity center and outer conductors were forged at Scot Forge, Spring Grove, IL from oxygen free high conductivity (OFHC) copper ingots. The outer conductor was forged into a hollow cylinder with > 1 inch thick walls. The inner conductor was forged into a cup shape. Following the forging they were machined to final dimensions and ports were added. The circular and annular regions which form the ends of the cavity were also machined from solid blocks of oxygen OFHC copper. The OFHC copper was chosen because of concerns about welding (porosity and brittleness), not because it has slightly higher conductivity than standard copper. The main cavity components were electron beam welded at Sciaky Inc., Chicago, IL. The electron beam welds are between the inner conductor to the annular region, between the outer conductor to the annular region, and between the gap endplate to the outer conductor. The cavity frequency was tuned after welding the center conductor to the annular ring by adjusting (by machining) the thickness of the gap endplate edge.
This was necessary since the cavity frequency changed unexpectedly from pre-to postweld, presumably because of changes in the effective dimensions due to the welding.
The frequency dependence on gap width was measured to be 1.2 ± 0.2 kHz/mil.
The cavity frequencies were also tuned by inserting fixed copper slugs into the 3.87 ports which are located 35 on center from the cavity shorted end (See Fig 3) .
The slugs are OFHC copper cylinders with a diameter of 3.8 . The parts of the cylinder which protrude into the cavity have been rounded on the end and have a radius of 0.5 . 
Higher Order Modes
The calculated and measured lowest frequency higher order modes of the cavity are shown in Table 2 . Modes are classified as TEM (E and B fields perpendicular to direction of propagation) or TE (H mn , E but not B perpendicular to direction of propagation). The TEM modes are more of a concern because they can be more easily excited by the beam. All TM (E mn ) modes have frequencies above 2 GHz.
The frequencies of the TE modes are calculated analytically for a coaxial waveguide, assuming a line length l of 50 , and using where λ g and λ c are the guide and cutoff wavelengths of the coaxial line [16] , and
The TEM modes were calculated using the LANL Superfish program [17] .
Modes were initially identified using a cavity model constructed from copper sheet metal. In this case, if there was an ambiguity, TEM modes could be distinguished from TE modes by using a rotatable magnetically coupled pickup loop. For TEM modes, there is no signal when the plane of the loop is perpendicular to the axis of the cavity. 
Tuner
The cavity tuner makes use of perpendicularly biased garnet (a ferrimagnetic material). The DC bias field which is varied to change the effective permeability of the garnet and thus the cavity frequency, is perpendicular to the RF magnetic field. The perpendicular bias approach has been pursued with success [18] the CERN PS [26] and the Brookhaven AGS [27] . The saturation magnetization is substantially lower in the garnet than in the NiZn ferrite. So, operation near saturation and thus in a region of lower losses is achievable with reasonable bias field, and the nontrivial engineering problem of cooling the ferrite is eliminated. The trade-off for this is a smaller tuning range. The present cavity required a comparatively small tuning range of 10 kHz, which made the perpendicularly biased garnet a suitable choice.
The tuner is constructed from 3 1 8 , 50 Ω copper coaxial transmission line which is magnetically coupled to the cavity through a loop. A drawing is shown in Fig. 7 .
The end of the transmission line opposite the cavity is shorted and contains aluminum doped YIG (TCI Ceramics AL-400), with a saturation magnetization of 400 gauss. The effective length of the line approaches λ/2, and the section of the line containing the garnet is immersed in a solenoidal magnetic field. By varying the solenoid bias, the garnet permeability, effective line length, and tuner resonant frequency vary. Thus the frequency of the entire coupled cavity and tuner system also varies.
Description
The tuner is loop coupled to the cavity through a port located 3 (on center) from the cavity shorted end. The coupling is through a 2.5 diameter coaxial ceramic window. The tuner loop area of 2. 
Tuner Measurements
Tuner measurements are described in several sections. The first section describes measurements performed with the tuner detached from the cavity. These are reflection measurements of the phase shift and loss in the tuner line. This phase shift and loss directly influence the tuning range and Q of the cavity-tuner system; measurements of those quantities related to the coupled system are presented in the second section.
Finally, measurements of the tuner garnet effective permeability are presented. The permeability range determines the tuning range. Though the first two sets of measurements are sufficient to characterize the tuner and demonstrate its operation, it was desirable to measure this more fundamental quantity.
Tuner Phase Measurements
The tuner alone can be most effectively characterized by the measurements shown in Fig 9, which were made with the tuner detached from the cavity. The figure shows network analyzer S 11 , reflection magnitude and phase, measurements. The device under test was the adjustable section of the tuner line (see Section 6.1 and Fig. 8 Neglecting reflections due to discontinuities in impedance, the phase shift (from the network analyzer to the short and back) is given by:
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where φ 0 is the phase shift in non-garnet section of the line, λ 0 is the free space wavelength (in inches) at the frequency of interest, and µ e is the effective relative permeability. The factor of two in the third term accounts for the fact that the wave can be viewed as traveling through 5 inches of garnet, reflected at the short, and then back through five inches of garnet. Though Eq. 4 is only approximate, it makes it clear that large changes in phase correspond to large changes in µ e and thus large tuning range.
The loss is the fraction of power lost in the system:
where P for is the forward power from the network analyzer and P ref is the power reflected back. The power lost is P for − P ref . Almost all of the power is lost in the garnet; the loss in the copper transmission line is negligible. The plot indicates that for a solenoid bias of 40 A and above, the losses are constant and this is a safe region of operation. Note that in the region of low losses, the phase changes less rapidly than in the high loss region (between 10 and 30 A).
Cavity and Tuner Measurements
The next set of measurements quantify the operation of the cavity/tuner system as a whole. An additional restriction on tuner range is due to the peak voltage that can be sustained without sparking. Fig. 11 shows low level measurements of frequency and the corresponding tuner voltage. In this case, the cavity was powered with a relatively small signal. Cavity peak accelerating gap voltage and tuner peak voltage were measured simultaneously. The values were then scaled to cavity gap voltages of 100 kV and 150 kV. Operating with a tuner voltage above the peak voltage limit for a 3 1 8 coaxial line of 13.3 kV will cause arcing and must be avoided. Not only is arcing in the coax line undesirable, but this can also lead to high voltages near the garnet which could be destructive. Measurements indicate that in order to limit the coaxial line voltage to 13.3 kV, the minimum current levels are 32 A and 40 A, for cavity peak voltages of 100 kV and 150 kV, respectively. With no other adjustments, and taking into account the 35 A limit imposed due to losses in the garnet, the tuning ranges are 11.7 kHz and 7.5 kHz for cavity peak voltages of 100 kV and 150 kV.
Permeability Measurements
Although the measurements in the previous sections are sufficient to characterize the tuner and show that it can perform as needed, it is desirable to measure more fundamental garnet properties. Of particular interest is µ e , the effective permeability, where, for the RF wave, v = c/ √ µ e . This yields a better understanding of the system and also lends itself well to future cavity design using the same type of material.
To determine permeability, it was first necessary to measure the permittivity. This was done by constructing a coaxial capacitor with the garnet and measuring the capacitance using both a HP 4263A LCR meter at lower frequencies and a vector impedance meter at higher frequencies. The permittivity was measured to be 15. Given that there is an air gap of ≈ 0.013 between the garnet and the outer conductor when it is placed in the tuner transmission line, the effective is 14.
To measure µ e as a function of solenoid bias, the dielectric fluid was first removed from the tuner adjustable section. The removal of the oil made interpretation of the measurements simpler by minimizing reflections at discontinuities in impedance. Mea-surements as described in Section 6.3.1 (Tuner Phase Measurements) were repeated.
Eq. 4 is an approximation that neglects reflections at the air-garnet interface and cannot be used to accurately determine µ e .
Using the electronic design software by Agilent, Advanced Design System (ADS) a series a calculations (ADS simulations) were made with the model shown in Fig 12. In the simulation, S 11 phase was calculated for 60 different values of µ e in the section of coax line near the short. Then, µ e vs. S 11 phase was plotted and a fit to a fourth order polynomial was performed. Simulated points and the fit are shown in Fig 13. Then, the functional form of the fit was used to calculate the corresponding value of µ e for each actual measured phase in the real data. The resulting values for µ e vs. solenoid bias are shown in Fig 14. The main advantage of this method is that the effect of reflections at the 50 Ω -garnet loaded (non 50 Ω) boundary are taken into account in the phase measurement.
Tuner Protection
The tuner, partially due to its small size, is one of the most vulnerable parts of the cavity. Damage may be done by high power levels (heating) or overvoltage. If the solenoid bias is reduced to below 35 A, the garnet becomes extremely lossy, so utmost care must be taken to ensure that the current remains above this level. Overvoltage is also a problem which typically causes more damage when it happens repeatedly. Thus, several interlocks are in place to shut off RF power when these conditions occur. If the current monitor on the supply indicates that the solenoid bias has dropped below ≈37 A, the low level RF is tripped off. In addition, there are two "spark" detectors for the tuner.
The first spark detector will trip the interlock, if, during the RF gate, the RF envelope 
Testing and Operations

Testing
Prior to their installation in the tunnel, two cavities were tested to full power in a cavity test cave. The cavities were first subjected to low power (up to 500 W) CW RF for one week, to condition away multipacting between the outer and inner conductors. This was sufficient since the multipacting voltage is relatively low. The cavity was driven through the tuner port (with the tuner disconnected), which has a nominal impedance of 50 Ω . Multipacting is discussed in detail in [29] . The first order multipacting threshold voltage is given by 
Status
A third cavity, which is nearing completion, is expected to be installed in the fall of 2014. This cavity could operate as a spare in the case where one cavity is damaged.
Alternatively, it could be operated simultaneously with the other two cavities which would reduce the average power required for the cavity with the higher duty cycle. In this case, two cavities operating at half the voltage would be used for RF system A.
Summary
We The beam is on target for 11.1 µs, but the target intensity as displayed above is sampled and held.
